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Introduction {#sec1}
============

The intestinal epithelium acts as a selectively permeable barrier that permits the absorption of nutrients, ions, and water, while maintaining an effective defense against intraluminal toxins, antigens, and enteric microorganisms. In recent years, studies in diverse organisms, including worms ([@bib14], [@bib17]), flies ([@bib14], [@bib40], [@bib41]), fish ([@bib14]), rodents ([@bib48]), and primates ([@bib31], [@bib49]), have shown that intestinal barrier dysfunction is a pathophysiological hallmark of aging ([@bib22]). Loss of intestinal barrier function, in aged flies, is linked to organismal health decline, including loss of motor activity, systemic metabolic defects, and impending mortality ([@bib12], [@bib41]). In addition, numerous gastrointestinal and systemic diseases, including inflammatory bowel diseases (IBDs), diabetes, multiple sclerosis, heart disease, autism, and Parkinson disease, have been associated with barrier dysfunction of the intestine ([@bib10], [@bib15], [@bib22]). Together, these findings indicate that identification of molecular targets for therapeutic intervention to improve or restore intestinal barrier function holds promise toward the goal of prolonging both health span and lifespan.

Occluding junctions play critical roles in epithelial barrier function, restricting the free diffusion of solutes between cells, as well as in the regulation of paracellular transport. In vertebrates, the occluding junctions are called tight junctions and their functional roles are well characterized ([@bib6]). A functionally analogous structure, called the septate junction (SJ), exists in invertebrates. In arthropods, there exist two types of SJs with morphological differences: pleated SJs, which are found in ectodermally derived epithelial cells and glial cells, and the smooth SJs (sSJs), which are found in endodermally derived epithelia, such as the midgut ([@bib47]). Patients with IBDs can display an increase in gut permeability, or "leaky gut," and changes in occluding junction expression ([@bib35]). Although it is unclear what role occluding junction modulation plays in the initiation or perpetuation of IBDs, it has been proposed that the cellular machinery that maintains the intestinal barrier may represent a therapeutic target in both intestinal and systemic diseases ([@bib35]).

Previous work in *Drosophila* has identified a number of age-related intestinal changes, including intestinal stem cell (ISC) deregulation ([@bib2], [@bib9], [@bib37]), which are associated with a decline in intestinal function ([@bib24]). Age-related alterations in intestinal epithelial junction expression and localization have also been observed in both flies ([@bib12], [@bib43]) and mammals ([@bib29], [@bib38], [@bib49]), yet the causal relationships between changes in occluding junction function, intestinal homeostasis, and organismal aging are only beginning to be understood. Recent work in *Drosophila* has shown that acute depletion of the tricellular junction (TCJ) protein, Gliotactin (Gli), in young flies leads to an increase in ISC proliferation and early-onset intestinal barrier dysfunction ([@bib43]), indicating that altered TCJ function is sufficient to induce changes in ISC behavior previously observed in aged animals. Furthermore, age-related alterations in the composition and load of the intestinal microbiota have been shown to influence intestinal function and lifespan ([@bib12], [@bib13], [@bib48]). Indeed, age-onset microbial dysbiosis is tightly linked to intestinal barrier dysfunction in both flies and mice ([@bib12], [@bib48]). Critically, however, the question of whether manipulating intestinal occluding junction expression can delay age-onset dysbiosis and/or positively affect lifespan has not been addressed in any organism.

In this study, we show that Snakeskin (Ssk), an sSJ-specific protein ([@bib16], [@bib52]), plays an important role in controlling the density and composition of the gut microbiota and that up-regulation of Ssk during aging can prolong *Drosophila* lifespan. More specifically, loss of intestinal Ssk in adults leads to rapid-onset intestinal barrier dysfunction, changes in gut morphology, altered expression of antimicrobial peptides (AMPs), and microbial dysbiosis. Critically, we show that these phenotypes, including intestinal barrier dysfunction and dysbiosis, can be reversed upon restored Ssk expression. Consistent with a critical role for intestinal junction proteins in organismal viability, loss of intestinal Ssk in adult animals leads to the rapid depletion of metabolic stores and rapid death. Importantly, restoring Ssk expression in flies showing intestinal barrier dysfunction prevents early-onset mortality. Moreover, intestinal up-regulation of Ssk in normal flies protects against microbial translocation, limits age-onset dysbiosis, and prolongs lifespan. Our findings support the idea that occluding junction modulation could prove an effective therapeutic approach to prolong both intestinal and organismal health during aging in other species, including mammals.

Results {#sec2}
=======

Alterations in Septate Junction Proteins Occur before the Smurf Phenotype {#sec2.1}
-------------------------------------------------------------------------

Loss of intestinal barrier function can be detected in living flies, via the Smurf assay, due to the leakage of a non-absorbable blue dye outside of the gut post-feeding ([@bib40], [@bib41]). Previous work showed that flies exhibiting age-onset intestinal barrier dysfunction, or "Smurfs," display decreased expression of SJ and adherens junction (AJ) genes and proteins, relative to age-matched controls ([@bib12]). Here, we utilized confocal immunofluorescence microscopy and quantitative PCR (qPCR) to further investigate the temporal dynamics between age-onset intestinal barrier dysfunction and alterations in junction protein localization or transcript expression. In young flies, aged 13 days, significant changes in the SJ proteins Discs large (Dlg), Coracle (Cora), Ssk, and Mesh were observed in the midgut of Smurf flies, and these SJ proteins appeared to accumulate in the cytoplasm ([Figures 1](#fig1){ref-type="fig"}A--1E). More specifically, in guts from Smurf flies, we observed an increase in junction proteins localized in the cytoplasm, relative to the plasma membrane, than in the non-Smurf flies, revealing that, in young flies, mislocalization of junction proteins is correlated with barrier dysfunction. In midlife, at age 30 days, we observed a mislocalization of SJ proteins occurring in both the non-Smurf and Smurf flies when compared with young non-Smurf flies ([Figures 1](#fig1){ref-type="fig"}F--1J). These data reveal that alterations in SJ proteins occur before the onset of the Smurf phenotype. Older flies, aged 45 days, also showed no significant difference between Smurf and non-Smurf flies and exhibited severe mislocalization of SJ proteins (data not shown). Consistent with previous work ([@bib43]), we failed to observe a decrease in transcript levels of SJ and AJ genes, in non-Smurfs during aging, indicating that downregulation of junction transcripts is not a primary mechanism underlying age-onset barrier dysfunction ([Figures S1](#mmc1){ref-type="supplementary-material"}A--S1I). However, upon loss of intestinal barrier function, there is a decrease in mRNAs of genes encoding junction proteins ([@bib12]).Figure 1Alterations in SJs in Posterior Midguts of Smurf and Non-Smurf Flies(A--E) SJ protein localization in ECs in Smurf or Non-Smurf midguts in 13-day-old *w*^*1118*^ female flies. Representative images (A) and SJ/cytoplasm fluorescence ratios (B--E) for Ssk, Dlg, Mesh, and Coracle. SJ protein mislocalization is observed in Smurf ECs, represented by an increase in cytoplasmic localization. n ≥ 14 midguts per condition; n = 10 ECs were observed per midgut; scale bar, 5 μm.(F--J) SJ protein localization in ECs in Smurf or non-Smurf midguts in 30-day-old *w*^*1118*^ female flies. Representative images (F) and SJ/cytoplasm fluorescence ratios (G--J) for Ssk, Dlg, Mesh, and Coracle. SJ protein mislocalization is observed in both Smurf and non-Smurf ECs, represented by an increase in cytoplasmic localization. n ≥ 14 midguts per condition; n = 10 ECs were observed per midgut; scale bar, 5 μm.Samples were dissected and stained in parallel under the same conditions; pictures taken at same laser intensity. Data analyzed utilizing a two-tailed unpaired Student\'s t test, and the error bars are the SEM range of those averages. \*p \< 0.05; \*\*\*p \< 0.001; \*\*\*\*p \< 0.0001 represent a statistically significant difference. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

Adult-Onset Loss of Ssk Leads to Reversible Intestinal Barrier Dysfunction {#sec2.2}
--------------------------------------------------------------------------

Loss of Ssk results in defective SJ formation and is embryonically lethal in *Drosophila* ([@bib52]). In addition, it has been shown that RNAi-mediated depletion of Ssk in developing larvae impairs intestinal barrier function ([@bib52]). Here, we set out to determine whether Ssk regulates intestinal barrier function in the adult gut. To do so, we utilized an RU486-inducible GeneSwitch driver that is expressed in gut enteroblasts (EBs) and post-mitotic enterocytes (ECs), *5966GS* ([@bib28]), crossed to a *UAS-ssk RNAi* line ([@bib52]). Initially, we confirmed an RU486-dependent reduction in *ssk* expression in the adult intestine ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Upon adult onset, where flies were fed RU486 starting at the age of 3 days, intestine-specific *ssk* knockdown led to a rapid and pronounced decrease in intestinal barrier integrity ([Figure 2](#fig2){ref-type="fig"}A). Indeed, upon 7 days of *ssk* knockdown, 100% of female flies displayed the Smurf phenotype. Furthermore, adult-onset knockdown of *ssk* conferred early-onset mortality ([Figure 2](#fig2){ref-type="fig"}B). This observation is consistent with previous results showing that the Smurf phenotype is a harbinger of death in aging flies ([@bib41]). Early-onset mortality also occurs when knockdown of *ssk* is initiated in midlife (day 35 or day 45, [Figure S2](#mmc1){ref-type="supplementary-material"}B). In addition, adult-onset loss of intestinal Ssk leads to intestinal barrier dysfunction and early death in male flies ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D).Figure 2Loss of Intestinal Ssk Leads to Rapid and Reversible Intestinal Barrier Dysfunction and Early-Onset Mortality(A) Intestinal integrity of *5966GS* \> *UAS-ssk RNAi* females with or without RU486-mediated transgene induction from day 3 onward. Percentage Smurfs were assessed at 8, 9, and 10 days of age. One-way ANOVA/Bonferroni\'s multiple comparisons test; n \> 179 flies/condition.(B) Survival curves of *5966GS* \> *UAS-ssk RNAi* females with or without RU486-mediated transgene induction from day 3 onward. p \< .0001, log rank test; n \> 107 flies/condition. Median lifespan 17 days and 64 days, respectively. Maximum lifespan 24 days and 71 days, respectively.(C) Reversal of intestinal integrity of *5966GS* \> *UAS-ssk RNAi* females with or without RU486-mediated transgene induction from day 3 until day 10, when all the induced flies become Smurfs, then moved to RU486− food for 7 days and assayed again for barrier integrity on day 17. n \> 222/condition; p \< 0.0001, one-way ANOVA/Bonferroni\'s multiple comparisons test.(D) Survival curves of *5966GS* \> *UAS-ssk RNAi* females with or without RU486-mediated transgene induction from day 3 to day 10, then without RU486-mediated transgene induction from day 10 onward. No statistical difference, log rank test; n \> 182 flies/condition. Median lifespan 76 and 77 days, respectively.(E) Electron micrographs of histological sections from dissected midguts of *5966GS* \> *UAS-ssk RNAi* females with or without RU486-mediated transgene induction from day 3 to day 9 or transiently from day 3 until day 10, when all the induced flies become Smurfs, then moved to RU486− food for 7 days and imaged at day 17. Arrows point to SJ; scale bar, 800 nm.(F) Survival curves without food of *5966GS* \> *UAS-ssk RNAi* females at 9 days of age with or without RU486-mediated transgene induction from day 3 to day 9, then placed on agar until death. p \< 0.0001; log rank test; n \> 188 flies.(G and H) Thin-layer chromatography image (G) and quantification (H) of whole-body lipid stores of *5966GS \> UAS-ssk RNAi* females at 14 days of age with or without RU486-mediated transgene induction from day 3 to day 14. n = 5 and n = 6 biological replicates with five flies per replicate; p \< 0.01; two-tailed unpaired Student\'s t test.\*\*p \< 0.01; \*\*\*p \< 0.001; \*\*\*\*p \< 0.0001 represent a statistically significant difference. Error bars on bar graphs depict mean ± SEM. See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

To better understand the role of *ssk* expression in barrier integrity in the adult intestine, we examined whether restoring *ssk* expression could rescue intestinal barrier function in Smurf flies. To do so, we examined the impact of transient knockdown of Ssk in the adult intestine. Following 7 days of RU486-mediated Ssk knockdown, after which time 100% of the flies displayed the Smurf phenotype, flies were allowed to recover for 1 week on food lacking RU486. Remarkably, we observed that upon restoration of *ssk* mRNA levels ([Figure S3](#mmc1){ref-type="supplementary-material"}J), the Smurf phenotype is fully reversed, with the formerly Smurf flies now becoming non-Smurf ones ([Figure 2](#fig2){ref-type="fig"}C). Restoring intestinal barrier function in Smurf flies also prevented early-onset mortality ([Figure 2](#fig2){ref-type="fig"}D). Using an independently generated *UAS-ssk RNAi* line (VDRC, 11906GD, labeled *UAS-ssk RNAi* (*III*)), we confirmed that adult-onset intestinal knockdown of *ssk* led to reversible intestinal barrier dysfunction and early-onset mortality ([Figures S2](#mmc1){ref-type="supplementary-material"}E--S2G). Feeding RU486 to control flies did not alter the intestinal barrier function or lifespan ([Figures S2](#mmc1){ref-type="supplementary-material"}H and S2I). Consistent with the Smurf phenotype, electron microscopy revealed distinct gaps in SJs between adjacent ECs in midguts following intestinal knockdown of *ssk* ([Figure 2](#fig2){ref-type="fig"}E). This is completely reversed upon restoration of *ssk* mRNA levels, with the SJ becoming tight and no longer containing gaps between adjacent cells ([Figure 2](#fig2){ref-type="fig"}E).

Age-onset intestinal barrier dysfunction is linked to systemic metabolic defects, including reduced metabolic stores and impaired insulin/insulin growth factor signaling ([@bib41]). Hence, we set out to determine whether acute loss of intestinal Ssk recapitulates these systemic metabolic phenotypes, previously linked to aging. Short-term, intestine-specific RNAi of *ssk* reduced survival on an agar-only diet ([Figure 2](#fig2){ref-type="fig"}F). This sensitivity to starvation was linked to reduced triglyceride stores ([Figures 2](#fig2){ref-type="fig"}G and 2H). One of the hallmarks of aging is the metabolic syndrome, also known as the insulin resistance syndrome, a clinical condition comprising physiological and biochemical abnormalities predisposing individuals to a host of age-onset diseases, including type 2 diabetes and cardiovascular disease ([@bib27]). In flies, aging and age-onset intestinal barrier dysfunction have been linked to *Drosophila* FOXO (dFOXO) activation ([@bib18], [@bib32], [@bib41]), which is normally induced when IIS is repressed ([@bib46]). To gain insight into the impact of Ssk knockdown on dFOXO activation, we assayed the expression levels of two dFOXO target genes---*Insulin-like receptor* (*InR*) and *Ecdysone-inducible gene L2* (*ImpL2*). Both *InR* and *ImpL2* mRNA levels were significantly elevated in the intestine, following 6 days of *ssk* knockdown, and occurred before detectable barrier dysfunction ([Figures S2](#mmc1){ref-type="supplementary-material"}J and S2K). In addition, *InR* and *ImpL2* mRNA levels returned to normal 1 week after transient *ssk* knockdown ([Figures S2](#mmc1){ref-type="supplementary-material"}L and S2M), indicating that restoring intestinal Ssk rescues dFOXO activation. Feeding RU486 to control flies did not alter FOXO activation ([Figures S2](#mmc1){ref-type="supplementary-material"}N and S2O), neither was a midlife elevation in FOXO targets observed in non-Smurfs ([Figures S2](#mmc1){ref-type="supplementary-material"}P and S2Q).

Ssk Knockdown Results in Mislocalization of Septate Junction Proteins and Altered Gut Morphology {#sec2.3}
------------------------------------------------------------------------------------------------

Ssk forms a protein complex with Mesh and Tetraspanin 2A (Tsp2A), and each of these three components are necessary for SJ formation during development ([@bib16], [@bib23]). We set out to investigate the role of Ssk in the maintenance of the SJ in the adult midgut. Immunofluorescent images of SJ components revealed mislocalization of junction proteins following 6 days of Ssk knockdown ([Figures 3](#fig3){ref-type="fig"}A--3D and [S3](#mmc1){ref-type="supplementary-material"}A). In addition to Ssk mislocalization, there was a mislocalization of Mesh and Cora, reinforcing the idea that Ssk is required for proper localization of other SJ components or maintenance of the SJ in the adult fly, similar to its role in larvae ([@bib16], [@bib23]). In addition to changes in protein localization, there was also a reduction in the transcripts of both SJ and AJ components upon Ssk knockdown ([Figure S3](#mmc1){ref-type="supplementary-material"}B). These changes in gene expression occurred before the Smurf phenotype ([Figures S3](#mmc1){ref-type="supplementary-material"}C--S3H). Interestingly, after 11 days of Ssk knockdown, when the flies are close to death, we observed an increase in junction gene mRNA levels ([Figure S3](#mmc1){ref-type="supplementary-material"}I), consistent with findings in flies with acute loss of the TCJ protein Gli ([@bib43]). In addition to changes in junction protein localization and gene expression, there was also a striking effect on gut morphology. Specifically, the posterior midgut appeared shorter and wider, with a diameter almost twice that of control guts ([Figures 3](#fig3){ref-type="fig"}E and 3F).Figure 3Loss of Intestinal Ssk Leads to Altered Gut Morphology and SJs(A--D) SJ protein localization in ECs in 9-day-old *5966GS* \> *UAS-ssk RNAi* female flies with RU486-mediated transgene induction from day 3 to day 9. Representative images (A) and SJ/cytoplasm fluorescence ratios for (B) Ssk, (C) Mesh, and (D) Coracle. SJ protein mislocalization is observed in the presence of RU486 ECs, represented by an increase in cytoplasmic localization. Two-tailed unpaired Student\'s t test. n \> 14 midguts per condition; n = 10 ECs were observed per midgut; scale bar, 5 μm.(E and F) Representative images (E) and quantification (F) of posterior midgut diameters from dissected intestines of *5966GS* \> *UAS-ssk RNAi* female flies on day 9 with or without RU486-mediated transgene induction from day 3 to day 9. The red line shows the location measured. A significant increase in the midgut diameter is observed in Ssk knockdown flies in both Smurfs and non-Smurfs. n \> 14 midguts per condition; scale bar, 50 μm.(G and H) Representative images (G) and quantification (H) of posterior midgut diameters from dissected intestines of *5966GS* \> *UAS-ssk RNAi* female flies on day 9 with RU486-mediated transgene induction from day 3 to day 9, or on day 17, with and without RU486-mediated transgene induction from day 3 to day 10 when all induced flies become Smurfs, then removed from RU486-mediated induction for 7 more days until day 17, where flies were assayed with blue dye, to now be non-Smurfs. The red line shows the location measured. Transiently induced midgut diameter has returned to control levels. n \> 14 midguts per condition; scale bar, 50 μm.(I--L) SJ protein localization in ECs in midguts of 17-day-old *5966GS* \> *UAS-ssk RNAi* female flies with and without RU486-mediated transgene induction from day 3 to day 10 when all induced flies become Smurfs, then removed from RU486-mediated induction for 7 more days until day 17, where flies were assayed with blue dye, to now be non-Smurfs. Representative images (I) and SJ/cytoplasm fluorescence ratios for (J) Ssk, (K) Mesh and (L) Coracle. There was no significant difference in SJ protein localization, two-tailed unpaired t test. n \> 14 midguts per condition; n = 10 ECs were observed per midgut; scale bar, 5 μm.Samples were dissected and stained in parallel under same conditions, pictures taken at same laser intensity. Data analyzed with one-way ANOVA/Tukey\'s multiple comparisons test, unless otherwise stated, and the error bars are the SEM range of those averages. \*\*\*\*p \< 0.0001 represent a statistically significant difference. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

Remarkably, these alterations in gut morphology, occluding junction localization, and mRNA levels, that occurred following *ssk* knockdown, were also completely reversible. After inducing transient *ssk* knockdown for 7 days, until all the flies became Smurfs, followed by recovery of the Smurf flies on food lacking RU486 for 7 days, the gut morphology returned to control diameters ([Figures 3](#fig3){ref-type="fig"}G and 3H), SJ protein localization appeared normal ([Figures 3](#fig3){ref-type="fig"}I--3L), and junction gene mRNA levels returned to control levels ([Figure S3](#mmc1){ref-type="supplementary-material"}J). Feeding RU486 to control flies did not alter mRNA levels of junction components, protein localization, or gut morphology in control flies ([Figures S3](#mmc1){ref-type="supplementary-material"}K--S3Q). These findings illustrate that reducing the expression of Ssk causes the mislocalization of other SJ components, changes in gut morphology, and alterations in junction gene mRNA levels and that restoring Ssk expression reverses these changes.

Loss of Ssk Leads to Intestinal Stem Cell Overproliferation {#sec2.4}
-----------------------------------------------------------

The *Drosophila* midgut epithelium is composed of ISCs that self-renew to maintain the ISC population and generate daughter cells termed EBs that differentiate to produce the secretory enteroendocrine cells and absorptive ECs ([@bib30], [@bib36]). During aging, and in response to intestinal damage or pathogenic infection, an increase in ISC proliferation is observed, which is accompanied by a block in terminal differentiation, whereby differentiating cells exhibit both ISC/EB and EC markers ([@bib2], [@bib5], [@bib9], [@bib25], [@bib37]). As previous work had indicated that depletion of SJ components from ECs was sufficient to trigger ISC proliferation in young flies, similar to what was observed during aging ([@bib43]), we wanted to assess stem cell proliferation upon adult-onset depletion of Ssk from intestinal ECs. A pronounced increase in ISC proliferation and a decrease in terminal differentiation of progenitor cells was observed before Smurf detection ([Figures 4](#fig4){ref-type="fig"}A--4C), implying that the perturbation of SJs in the midgut of 9-day-old flies is sufficient to stimulate an increase in stem cell proliferation.Figure 4Loss of Intestinal Ssk Leads to Overproliferation of Intestinal Stem Cells(A--C) Representative images (A) and quantification showing mitosis counts (B) and changes in ISC/EB number (C) of posterior midguts from dissected intestines of *5966GS*, *esg*:*GFP* \> *UAS-ssk RNAi* female flies on day 9 with RU486-mediated transgene induction from day 3 to day 9. Ssk knockdown causes an increase in *esg*^+^ISC/EBs (marked by esg:GFP, green) and ISC proliferation (marked by arrowheads PH3, red) compared with controls. Scale bar, 50 μm. (B) *n* = 18 midguts/condition. Each data point is an average proportion calculated from four independent images per midgut, and the error bars represent the mean ± SEM of those averages; one-way ANOVA/Tukey\'s multiple comparisons test. \*\*\*\*p \< 0.0001; \*\*\*p \< 0.001. (C) *n* = 17 midguts/condition. Each data point is an average proportion calculated from four independent images per midgut, and the error bars represent the median with interquartile range of those averages. Kruskal-Wallis/Dunn multiple comparisons test. \*\*p \< 0.01; \*p \< 0.05.(D) *upd3*, *unpaired3*, gene expression assayed by qPCR from dissected intestines in Smurf and non-Smurf *5966GS* \> *UAS-ssk RNAi* female flies on day 9 with or without RU486-mediated transgene induction from day 3 to day 9. n = 6 replicates of five intestines.(E) *upd3* gene expression assayed by qPCR from dissected intestines in *5966GS* \> *UAS-ssk RNAi* female flies at 9 days of age with or without RU486-mediated transgene induction from day 3 until day 10, when all the induced flies become Smurfs, and then moved to RU486 food for 7 days and assayed on day 17. n = 6 replicates of five intestines.Boxplots display the first and third quartile, with the horizontal bar at the median and whiskers showing the most extreme data point, which is no more than 1.5 times the interquartile range from the box. Wilcoxon test unless otherwise stated. See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

The Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway has been reported to stimulate ISC proliferation in response to damage, infection, or stress ([@bib25], [@bib42]). Hence, we examined the mRNA levels of *unpaired 3* (*upd3*), one of the cytokines that activates the JAK/STAT pathway in flies. Adult-onset depletion of Ssk resulted in elevations in *upd3* mRNA levels before Smurf detection ([Figure 4](#fig4){ref-type="fig"}D). Feeding RU486 to control flies did not affect *upd3* expression ([Figure S4](#mmc1){ref-type="supplementary-material"}A). Moreover, when RU486 is removed, thereby eliminating Ssk knockdown, and the flies are allowed to recover for a week, *upd3* levels return to normal ([Figure 4](#fig4){ref-type="fig"}E). Interestingly, we observed a significant increase in *upd3* mRNA levels in non-Smurf flies in midlife (day 30; [Figure S4](#mmc1){ref-type="supplementary-material"}B), corresponding to the mislocalization and altered expression of SJ-related proteins ([Figure 1](#fig1){ref-type="fig"}F), which is similar to the SJ protein modulation observed in aged flies ([@bib43]). This suggests a correlation between junctional protein mislocalization, activation of the JAK/STAT pathway, and initiation of stem cell overproliferation before detectable intestinal barrier failure.

Loss of Intestinal Ssk Leads to Reversible Microbial Dysbiosis {#sec2.5}
--------------------------------------------------------------

In both *Drosophila* and mice, age-onset intestinal barrier dysfunction is linked to microbial dysbiosis ([@bib12], [@bib48]). Control of the commensal microbiota and innate immune responses to pathogenic bacteria are achieved primarily by two pathways acting in *Drosophila* gut ECs: expression and activation of dual oxidase (Duox), which initiates an oxidative burst response to produce high levels of reactive oxygen species ([@bib21], [@bib19], [@bib20]), and activation of the immune deficiency (IMD/Relish) pathway, which activates the nuclear factor-κB-like transcription factor Relish and induces the expression of AMPs ([@bib26]). Previous studies have reported a large increase in AMP expression in flies showing age-onset intestinal barrier dysfunction ([@bib12], [@bib41]). Therefore, we wanted to examine the relationship between immunity gene expression and intestinal Ssk expression. Short-term intestinal Ssk knockdown, for 6 days, led to a decrease in AMP expression ([Figures 5](#fig5){ref-type="fig"}A--5D), as well as decreased expression of Duox ([Figure 5](#fig5){ref-type="fig"}E). This reduction in immunity gene mRNA levels occurred in non-Smurf as well as Smurf flies ([Figure S5](#mmc1){ref-type="supplementary-material"}A), revealing that this occurs before detectable barrier dysfunction. Feeding RU486 to control flies did not affect immunity gene expression in control flies ([Figures S5](#mmc1){ref-type="supplementary-material"}B and S5C). Knockdown of Ssk for 11 days led to the activation of an immune response, with flies now exhibiting elevated AMPs and Duox levels ([Figures S5](#mmc1){ref-type="supplementary-material"}D and S5E), which is consistent with previous data in aged Smurf flies ([@bib12], [@bib41]).Figure 5Loss of Intestinal Ssk Leads to Reversible Microbial Dysbiosis(A--E) Immunity gene expression assayed by qPCR from dissected intestines of *5966GS* \> *UAS-ssk RNAi* female flies on day 9 with or without RU486-mediated transgene induction from day 3 to day 9. *Diptericin* (A), *Drosocin* (B), *Drosomycin* (C), *Metchnikowin* (D), and *Dual Oxidase* (E). n = 6 replicates of five intestines per replicate.(F) Reversal of bacterial levels assayed by qPCR of 16S with universal primers in surface-sterilized Smurf and non-Smurf *5966GS* \> *UAS-ssk RNAi* female flies at 9 days of age with or without RU486-mediated transgene induction from day 3 to day 10, when all induced flies become Smurfs, then removed from RU486-mediated induction for 7 more days until day 17, where flies were assayed to now be non-Smurfs. n = 6 replicates of five whole flies per replicate.(G and H) Reversal of bacterial levels assayed by taxon-specific qPCR of the *Alphaproteobacteria* or *Bacilli* 16S rRNA gene in *5966GS* \> *UAS-ssk RNAi* female flies at 9 days of age with or without RU486-mediated transgene induction from day 3 to day 10, when all induced flies become Smurfs, then removed from RU486-mediated induction for 7 more days until day 17, where flies were assayed to now be non-Smurfs. n = 6 replicates of 5 whole flies per replicate.(I) Intestinal integrity of axenic *5966GS* \> *UAS-ssk RNAi* female flies at 10 days of age with or without RU486-mediated transgene induction from day 3 to day 10. p \< 0.0001, two-tailed unpaired Student\'s t test; n \> 155 flies/condition.(J) Survival curves of *5966GS* \> *UAS-ssk RNAi* females conventionally reared, axenically reared, and axenically treated and exposed to fly homogenate as embryos, with or without RU486-mediated transgene induction from day 3 onward. p \< .0001, log rank test; n \> 155 flies/condition. Boxplots display the first and third quartiles, with the horizontal bar at the median and whiskers showing the most extreme data point, which is no more than 1.5 times the interquartile range from the box. Error bars on bar graphs depict mean ± SEM.\*p \< 0.05; \*\*p \< 0.01; \*\*\*\*p \< 0.0001; Wilcoxon test unless otherwise stated. See also [Figure S5](#mmc1){ref-type="supplementary-material"}.

To determine whether altered immune gene expression was linked to changes in gut bacteria, we utilized qPCR with universal primers to the bacterial 16S rRNA gene to characterize alterations in microbiota dynamics in response to loss of intestinal Ssk. Short-term intestinal Ssk knockdown, for 7 days, led to a significant elevation in bacterial loads ([Figure 5](#fig5){ref-type="fig"}F), with these changes occurring before Smurf detection ([Figures S5](#mmc1){ref-type="supplementary-material"}F and S5G). Next, we utilized primers to the 16S rRNA gene that are specific to the classes Bacilli, Gammaproteobacteria, and Alphaproteobacteria ([@bib12]). Upon knockdown of intestinal Ssk, there was an increase in Alphaproteobacteria and Bacilli ([Figures S5](#mmc1){ref-type="supplementary-material"}H), with these changes also occurring before Smurf detection ([Figures S5](#mmc1){ref-type="supplementary-material"}I). There was no significant change in Gammaproteobacteria ([Figure S5](#mmc1){ref-type="supplementary-material"}J). Elevations in microbial content and dysbiosis were also observed upon knockdown of Ssk in aged flies (75 days old), implying that even when there are higher levels of commensal bacteria in aged flies, perturbing SJs can still have a significant impact on microbiota dynamics ([Figures S5](#mmc1){ref-type="supplementary-material"}K and S5L). Strikingly, restoring Ssk in the adult intestine by removing RU486 led to restoration of commensal homeostasis after 7 days ([Figures 5](#fig5){ref-type="fig"}F--5H and [S5](#mmc1){ref-type="supplementary-material"}M), which was maintained throughout the lifespan of the fly ([Figures S5](#mmc1){ref-type="supplementary-material"}N and S5O). Together, these data support the idea that loss of Ssk, alone, can cause dysbiosis, which is reversible upon resumption of Ssk expression. Restoring Ssk expression for 7 days, which promotes commensal homeostasis, was associated with increased expression of certain AMPs, including a significant increase in Diptericin ([Figures S5](#mmc1){ref-type="supplementary-material"}P and S5Q).

Loss of commensal control during aging, including a large increase in microbial load, impairs intestinal function and drives mortality in aged flies showing intestinal barrier dysfunction ([@bib12]). Hence, we set out to examine whether dysbiosis in Ssk knockdown flies contributes to intestinal barrier dysfunction and/or limits lifespan. When flies were maintained under axenic conditions ([Figure S5](#mmc1){ref-type="supplementary-material"}R) or fed antibiotics, intestinal knockdown of Ssk conferred rapid intestinal barrier dysfunction and mortality at a similar rate as in conventionally raised flies ([Figures 5](#fig5){ref-type="fig"}I, 5J, and [S5](#mmc1){ref-type="supplementary-material"}S). In addition, under axenic conditions, intestinal Ssk knockdown still led to an increase in dFOXO targets, mislocalization of SJ components (data not shown), altered gut morphology, and an increase of *upd3*, with no significant alterations in AMP or Duox transcripts ([Figures S5](#mmc1){ref-type="supplementary-material"}T--S5Y). Together, these findings indicate that loss of intestinal Ssk does not affect intestinal barrier function or lifespan via altered microbial dynamics or an altered immune response. This suggests that altering SJ integrity, by knocking down one critical component, is sufficient to lead to hallmarks of the aged gut and a greatly diminished lifespan, even in the absence of bacteria.

Up-Regulation of Ssk Prevents Bacterial Translocation upon Pathogenic Infection {#sec2.6}
-------------------------------------------------------------------------------

*Serratia marcescens* is an entomopathogenic bacterium that opportunistically infects a wide range of hosts, including humans. If ingested by *Drosophila*, *S*. *marcescens* can traverse the intestinal epithelium into the body cavity, leading to death within 6 days ([@bib33]). Here, we set out to determine whether manipulating Ssk expression can protect against *S*. *marcescens*-induced pathogenicity. To do so, we have used *S*. *marcescens* Db11 ([@bib33]). First, using a *UAS-ssk* transgene ([@bib52]), we confirmed an RU486-dependent induction of *ssk* in the intestine ([Figure S6](#mmc1){ref-type="supplementary-material"}A). Intestinal up-regulation of Ssk for 20 days resulted in a significant increase in survival following oral infection of Db11 ([Figure 6](#fig6){ref-type="fig"}A). Importantly, we observed no difference in bacterial loads in dissected guts following oral infection of Db11 ([Figure 6](#fig6){ref-type="fig"}B). However, intestinal up-regulation of Ssk led to a highly significant reduction in bacterial load in the hemolymph, which is the circulatory system of the fly ([Figure 6](#fig6){ref-type="fig"}C). These findings indicate that the up-regulation of Ssk can improve intestinal barrier integrity under these conditions to limit bacterial translocation. Feeding RU486 to control flies did not alter the lifespan or bacterial levels in the gut or hemolymph following oral infection of Db11 ([Figures S6](#mmc1){ref-type="supplementary-material"}B--S6D).Figure 6Intestinal Ssk Reduces Bacterial Translocation upon Oral Infection with Pathogenic Bacteria(A) Survival curves of *5966GS* \> *UAS-ssk* females with or without RU486-mediated transgene induction from day 3 until day 20; then Db11 bacteria were fed to the flies and survival plotted. p \< .0001, log rank test; n \> 216 flies/condition.(B) *S*. *marcescens* Db11 colony-forming units (CFUs) from dissected midguts of *5966GS* \> *UAS-ssk* females with or without RU486-mediated transgene induction from day 3 until day 20. There is no significant difference; one-way ANOVA/Tukey\'s multiple comparisons test. Error bars depict mean ± SEM.(C) *S*. *marcescens* Db11 CFUs from the hemolymph of *5966GS* \> *UAS-ssk* females with or without RU486-mediated transgene induction from day 3 until day 20. There is significantly less bacteria in the hemolymph when Ssk is up-regulated. \*\*\*p \< .0001; one-way ANOVA/Tukey\'s multiple comparisons test. Error bars depict mean ± SEM.See also [Figure S6](#mmc1){ref-type="supplementary-material"}.

Up-Regulation of Ssk Improves Barrier Integrity, Limits Dysbiosis during Aging, and Extends Lifespan {#sec2.7}
----------------------------------------------------------------------------------------------------

Next, we set out to determine whether Ssk could improve intestinal homeostasis during aging and/or promote longevity. We overexpressed Ssk in wild-type flies and conducted a series of physiological assays to examine the impact of Ssk on aging and lifespan determination. Remarkably, we observed a delay in the onset of intestinal barrier dysfunction during aging upon intestinal Ssk up-regulation ([Figure 7](#fig7){ref-type="fig"}A). Moreover, intestinal up-regulation of Ssk resulted in a modest extension of lifespan when compared with isogenic controls ([Figure 7](#fig7){ref-type="fig"}B). Interestingly, on a diet containing yeast extract, which is more nutritionally dense than whole yeast ([@bib1]), intestinal up-regulation of Ssk resulted in a more pronounced extension of lifespan ([Figure 7](#fig7){ref-type="fig"}C). This may be because as the concentration of yeast is increased, the bacterial load in control flies is elevated with a concomitant decrease in lifespan ([Figures S7](#mmc1){ref-type="supplementary-material"}A and S7B). Up-regulating intestinal Ssk during aging also delayed the age-related increase in bacterial load and reduced the levels of both Alphaproteobacteria and Bacilli in aged animals ([Figures 7](#fig7){ref-type="fig"}D--7F and [S7](#mmc1){ref-type="supplementary-material"}C). Importantly, the lifespan extension mediated by intestinal Ssk is eliminated when flies are either treated with antibiotics or raised under axenic conditions ([Figures 7](#fig7){ref-type="fig"}G and [S7](#mmc1){ref-type="supplementary-material"}D). Together, our findings are consistent with a model in which up-regulating intestinal Ssk prolongs lifespan via improved commensal homeostasis.Figure 7Up-Regulation of Ssk Improves Intestinal Integrity during Aging and Prolongs Lifespan(A) Intestinal integrity of *5966GS* \> *UAS-ssk* females with or without RU486-mediated transgene induction from day 3 onward on standard media. Percentage Smurfs were assessed with blue dye at 10, 20, 30, and 66 days of age. \*\*\*p \< .0001, one-way ANOVA/Bonferroni\'s multiple comparisons test; n \> 174 flies/condition.(B) Survival curves of *5966GS* \> *UAS-ssk* females with or without RU486-mediated transgene induction from day 3 onward on standard media. p \< .0001, log rank test; n \> 159 flies/condition. Median lifespan 79 and 82 days, respectively.(C) Survival curves of *5966GS* \> *UAS-ssk* females with or without RU486-mediated transgene induction from day 3 onward on rich media. p \< .0001, log rank test; n \> 288 flies/condition. Median lifespan 48 days and 54 days, respectively.(D) Bacterial levels assayed by qPCR of 16S with universal primers in *5966GS* \> *UAS-ssk* female flies at 30 and 40 days of age with or without RU486-mediated transgene induction from day 3 onward on rich media, n = 6 replicates of 5 flies.(E and F) Bacterial levels assayed by taxon-specific qPCR of the *Alphaproteobacteria* or *Bacilli* 16S rRNA gene in *5966GS* \> *UAS-ssk* female flies at 30 and 40 days of age with or without RU486-mediated transgene induction from day 3 onward on rich media, n = 6 replicates of 5 flies.(G) Survival curves of axenic *5966GS* \> *UAS-ssk* females with or without RU486-mediated transgene induction from day 3 onward on rich media. There was no significant difference, log rank test; n \> 197 flies/condition. Median lifespan 42 days.Boxplots display the first and third quartile, with the horizontal bar at the median and whiskers showing the most extreme data point, which is no more than 1.5 times the interquartile range from the box. Error bars on bar graphs depict mean ± SEM. \*\*p \< 0.01; \*\*\*p \< 0.001; Wilcoxon test unless otherwise stated. See also [Figure S7](#mmc1){ref-type="supplementary-material"}.

Discussion {#sec3}
==========

Aging is characterized by progressive health decline leading to mortality, yet the underlying pathophysiology remains elusive. There is an emerging understanding that maintaining intestinal barrier function during aging is critical to organismal health and longevity ([@bib8], [@bib10], [@bib12], [@bib13], [@bib22], [@bib39], [@bib41], [@bib48]). At the same time, an age-related remodeling of epithelial junctions has been implicated in loss of barrier function in aged animals ([@bib12], [@bib29], [@bib38], [@bib43], [@bib49]). These findings suggest that strategies to maintain epithelial junctions during aging may prove effective toward the goal of prolonging healthy lifespan. In this study, we have used the fruit fly, *Drosophila*, as a model to study the impact of altered expression of the SJ-specific protein Ssk on intestinal barrier function, commensal homeostasis, and lifespan. We show that Ssk is required to maintain barrier function and commensal homeostasis in the adult intestine. Indeed, loss of intestinal Ssk leads to rapid-onset microbial dysbiosis, immune gene modulation, barrier dysfunction, and mortality, although mortality was not due to dysbiosis. Furthermore, restoring Ssk led to resumption of barrier integrity and reversed these phenotypes, previously linked to aging. Remarkably, up-regulating Ssk in the adult intestine protected against oral infection with pathogenic bacteria. Improved survival under these conditions is linked to a reduction in bacterial translocation, consistent with improved intestinal barrier function. Finally, intestinal overexpression of Ssk during aging delayed the onset of dysbiosis and intestinal barrier dysfunction and prolonged lifespan. The prolongevity effects of Ssk were eliminated when flies were maintained axenically, consistent with a key role for Ssk-mediated alterations in microbiota dynamics for its effects on longevity.

Previous work indicated that dysbiosis precedes and predicts intestinal barrier dysfunction in aged flies ([@bib12]). Here, we show that there is a mislocalization of SJs during midlife, before the detection of intestinal barrier failure. Hence, it is possible that alterations in SJs occur either before or concurrent with changes in microbial dynamics. It has previously been reported that age-related changes in SJ levels and localization were particularly noticeable at TCJs ([@bib43]). Depletion of the *Drosophila* TCJ protein Gli led to ISC overproliferation and disruption of the intestinal barrier. Interestingly, however, acute loss of Gli does not lead to dysbiosis ([@bib43], [@bib44]). This may be because TCJs contribute to only a small percentage of the barrier in the fly intestine, when compared with the bicellular junctions.

Ssk forms a complex with Mesh, another sSJ-specific protein, and these proteins are mutually interdependent for their localization ([@bib16], [@bib23]). Interestingly, it was recently reported that Mesh regulates *Duox* expression to modulate the load and composition of the gut microbiota ([@bib51]). Consistent with this model, we observe a significant inhibition of *Duox* expression upon intestinal Ssk knockdown. At the same time, however, we observe reduced expression of several AMPs in Ssk knockdown flies. Furthermore, we observe elevated AMP and Duox expression after longer periods of Ssk knockdown, which is consistent with previously observed AMP elevations observed in Smurf flies and in aged non-Smurf flies ([@bib12]). These data demonstrate that knocking down one SJ protein that disturbs intestinal junction integrity leads to an initial repression of AMPs that coincides with rapid elevations in microbial load, followed by an increase in immune activation, before death. These data provide a possible mechanism for the initial increase in microbial content observed before detectable barrier permeability, yet recapitulate the later elevation in immune gene expression observed in aged flies. Further studies are required to determine the mechanistic relationships between SJs, immune homeostasis, and microbiota dynamics during aging.

In humans, compromised intestinal barrier function has been linked to a number of intestinal and systemic diseases ([@bib10]). Although the existing clinical data have not established a causal role, the idea of targeting and restoring the intestinal epithelial barrier has been proposed as a potential therapeutic approach ([@bib35]). A better understanding of the mechanisms underlying barrier regulation may aid this goal. At present, therapeutic approaches to treat intestinal barrier dysfunction have largely focused on reducing inflammation. Indeed, anti-tumor necrosis factor (TNF) therapy has been used to successfully treat intestinal barrier dysfunction in the context of Crohn disease ([@bib34], [@bib45]). Consistent with this, TNF-deficient mice display improved intestinal barrier dysfunction during aging ([@bib48]). Interestingly, anti-TNF therapy can reverse age-onset microbiota changes in mice ([@bib48]). These data reveal that the composition of the microbiota can be altered by the inflammatory status of the host. Taken together, these studies support a model whereby an age-related increase in microbial translocation induces an inflammatory response, which contributes to dysbiosis. In this feedforward model, dysbiosis contributes to intestinal barrier dysfunction and increased microbial translocation ([@bib48]). Previous work, in *Drosophila*, has shown that intestinal immune activation leads to intestinal barrier dysfunction and early-onset mortality ([@bib12]). Our current study adds to this model by showing that occluding junction modulation can, by itself, induce dysbiosis and mortality. In fact, under axenic conditions, and in the absence of an inflammatory response, occluding junction modulation, alone, is sufficient to induce certain markers of aging and mortality. This is consistent with an important role for SJs in the feedforward model. Given our findings, it will be important to determine whether interventions that maintain the intestinal epithelial barrier in aging mammals can prolong intestinal and/or organismal health during aging.

Limitations of Study {#sec3.1}
--------------------

Although *Drosophila melanogaster* is a well-studied and highly tractable model organism of proven utility in understanding mechanisms of aging, development, and disease, the relevance of molecular mechanisms uncovered in this work to human aging and disease remains to be demonstrated experimentally.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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Document S1. Transparent methods and Figures S1--S7
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